A novel optical add-drop multiplexer (OADM) based on a null coupler with an antisymmetric grating was designed and experimentally demonstrated. The antisymmetric grating exclusively produces a reflection with mode conversion in a two-mode waveguide. This improves the performance compared with previous demonstrations that used tilted Bragg gratings. Our design minimizes noise and cross talk produced by reflection without mode conversion. In addition, operational bandwidth and, versatility are improved while the compactness and simplicity of the null coupler OADM are maintained.
Introduction
Simple elements to enable the integration of optical devices are required for further development of alloptical networks. Key functions such as filtering and multiplexing have already been demonstrated optically by use of bulk elements such as fiber Bragg gratings and circulators. 1 Devices that use tilted Bragg gratings (TBGs) and asymmetric Y branches [2] [3] [4] represent a step toward optical integration because they can be implemented in optical chips without the need for external circulators. These devices are based on the mode-conversion properties of TBGs and the modesplitting characteristics of an asymmetric Y branch. They can filter an incoming signal and direct the result of the processing to a desired port. However, TBGs produce multiple reflections, only one of which provides the desired mode conversion. [5] [6] [7] The unwanted reflections produce noise, cross talk, and backreflection, and they place stringent requirements on the performance of the Y branch.
Schemes to produce only the desired reflection with mode conversion were proposed recently that used Bragg gratings in an asymmetric configuration. 8 -11 Experimental attempts to implement these schemes have required difficult fabrication and alignment techniques; although the unwanted reflections were reduced, they were still strong, with approximately 90% of the input power still reflected. 10 In this paper we show the design and experimental results of a novel optical add-drop multiplexer (OADM) fabricated with an antisymmetric waveguide Bragg grating. 11 Modeling 11, 12 and recent experimental demonstrations 13, 14 of this grating show that reflection with mode conversion in a two-mode waveguide can be achieved without the spurious reflections produced by the TBGs.
Our design is based on coupled-mode theory applied to reflective gratings 15 and beam propagation simulations. 16 These techniques have shown excellent agreement with experimental results when they were applied to a similar OADM based on a TBG. 6 Prototypes for experimental verification of the operation principle were fabricated in silica on silicon by a recently reported technique. 17 Advantages of this novel OADM with respect to OADMs based on TBGs are discussed.
Theoretical Analysis
Coupled-mode theory is widely used in the analysis of Bragg gratings. 15 Some basic results are summarized here as an aid to understanding the operation of the antisymmetric waveguide Bragg grating as a mode converter. At the Bragg condition the maximum re-flection from mode a to mode b is given by
where L is the grating length. Kac ab , the coupling constant between the two waveguide modes a and b, is
where is the wavelength, ⌬n is the index modulation, and ab is the overlap integral between modes, given by 15 where ͑x, y͒ describes the profile of the index perturbation in the plane perpendicular to the guiding direction and e a ͑x, y͒ and e b ͑x, y͒ are the field amplitude profiles of modes a and b, respectively, propagating in the z direction. The overlap integral indicates that, depending on ͑x, y͒, some types of reflection may be increased while others are minimized. In a channel waveguide with two lateral modes (x direction) but only one vertical mode (y direction), the mode profiles may have either even or odd symmetry laterally across the waveguide. Standard Bragg grating with a uniform index profile, ͑x, y͒ ϭ 1, written on that waveguide produce coupling only between modes that have the same profile ͑a ϭ b͒, as shown in Fig. 1 . However, because of fabrication constraints the perturbation profile is frequently not uniform along the vertical axis, and this can produce undesired coupling to cladding modes. TBGs (Fig. 2) have the following index-perturbation profile 6, 18 : (4) where is the grating tilt angle, ⌳ is the grating period in the propagation direction, and F͑y͒ is a function that represents variations of the grating in the vertical direction. F͑y͒ varies greatly, depending on the method of fabrication of the grating. For example, etched gratings do not usually extend through the waveguide height, and their index modulation changes as a function of depth. As an approximation to model an etched grating, F͑y͒ is assumed to be ϳ1, with slow changes in the etched region, and ϳ0 outside this region. To prevent undesired coupling between vertical modes owing to the asymmetric shape of F͑y͒, the waveguide is designed to be single mode in the vertical direction. In the lateral direction, because of the linearly varying phase across the waveguide, mode-converting reflections between forward-propagating modes and backward-propagating modes that are orthogonal ͑a b͒ are possible. There is an optimum angle that maximizes the mode conversion. However, reflections between forward-and backward-propagating modes of the same profile ͑a ϭ b͒ are still produced in various strengths at different wavelengths. 5, 7 Figure 2 illustrates the predicted reflectivity of a TBG when even or odd modes are launched. The tilt of the grating is close to the angle that minimizes the odd-odd reflection (optimum). 5 It was predicted theoretically and demonstrated exper- imentally 5, 6 that there is no angle that minimizes the even-even reflection without drastically reducing the strength of the desired reflection with mode conversion. The effect of this unwanted even-even reflection can be minimized by choice of the proper input and outports; however, this reflection still produces noise and cross talk and places stringent requirements on the performance of the Y branch. To obtain zero reflection between similar modes at all wavelengths, i.e., to avoid the undesired reflections produced by the TBGs, the overlap integral between similar modes ͑a ϭ b͒ must be zero while the overlap integral of dissimilar modes is maximized;
Several solutions can satisfy Eq. (5). In a two-mode waveguide an antisymmetric index-modulation profile along the lateral axis will prohibit reflections without mode conversion. A simple approach to obtaining the desired response is shown in Fig. 3 . The two-mode waveguide has a standard Bragg grating with an index modulation of periodicity ⌳ ϭ oe ͞ ͑ n e ϩ n o͒ , (6) where oe is the wavelength on Bragg condition for the reflection with mode conversion and n e and n o are the effective indices of the even and odd modes, respectively, at oe . However, the grating is antisymmetric, equivalent to a ⌳͞2 longitudinal shift at the lateral center of the waveguide. Inside the waveguide, this antisymmetry in the index-modulation profile produces a phase shift between left and right components of the modes, which can be represented by
where x takes the value 0 at the center of the waveguide. Figure 3 shows the reflection of the antisymmetric grating predicted by coupled-mode theory where even or odd modes are launched. The antisymmetric grating shows only the desired reflection peak, which represents the mode-conversion coupling between forward-and backward-propagating modes with orthogonal profiles.
Application of this type of grating to an OADM requires a coupler that can direct even and odd modes to different ports. Asymmetric Y branches 19 provide this type of operation, as shown in Fig. 4 . In the figure, C d and C u represent the fraction of the input power coupled to the desired and undesired modes, respectively, of the two-mode waveguide. In an ideal condition without losses, C d ϭ 1 and C u ϭ 0. Using a conventional, symmetric Y branch will cause both modes to be equally excited ͑C d ϭ C u ͒ in the two-mode region. Owing to the characteristics of the antisymmetric waveguide grating, both modes will be reflected at the same Bragg wavelength. However, only half of the power will then be coupled out of the drop port, with the other half backreflected to the input port. This will produce unacceptable excess loss and, potentially, noise.
By contrast, when an asymmetric Y branch is used, ideally only the odd or even mode is excited in the two-mode waveguide ͑C d ϳ 1͒. Because of fabrication imperfections, a small amount of the undesired mode is also excited ͑C u Ͼ 0͒. The parameter, mode cross talk, that describes the performance of the asymmetric Y branch is defined as
The mode cross talk can be minimized when the convergence of the Y branch to the waist is slow and when the asymmetry parameter, defined as the ratio between the widths of the wide and the narrow branches, is high. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 
Design and Fabrication of the OADM
The design of an OADM, based on null couplers and a TBG, was explained in detail in Ref. 5 . The conventional terminology for the device's four ports is used here for comparison purposes. It will be demonstrated that OADMs based on antisymmetric waveguide gratings do not need to follow this terminology, thus giving rise to increased flexibility in the device design. The prototype presented here was fabricated by use of silica-on-silicon waveguides and a previously reported technology. 17 For this prototype, the parameters for the refractive indices for the core (1.46) and the cladding ͑ϳ1.4457͒, the waveguide height ͑1.6 m͒, and the grating mesa height ͑400 nm͒ were used. 
A. Design
The cross talk of asymmetric Y branches was simulated by the beam propagation method. The structure consists of two single-mode waveguide branches that are initially separated by 125 m and converge to a waist after a length of 8 mm. Results of the simulation show that cross talk of Ͻ20 dB can be obtained with an asymmetry parameter of ϳ1.5. Lower cross talk requires increasing the length or increasing the asymmetry parameter.
The effective-index method was used to determine the waveguide widths that allow one or two modes at 1.55 m, as shown in Fig. 5 . The waveguide height allows only one mode in the vertical direction. The widths of the branches need to be chosen to result in single-mode waveguides. They also must have an asymmetry parameter close to 1.5 to provide the desired cross talk. The waist should be a two-mode waveguide. The widths of the two branches and the waist were chosen to be 5.6, 8.4, and 14 m, respectively. While it meets the design requirements, the device operates well away from the transition points from one to two modes and from two to three modes.
The grating period of ϳ0.530 m for a Bragg wavelength of 1550 nm was calculated from Eq. (6) and the effective indices for the design widths. Etched grating were fabricated with a mesa height of 400 nm, as previously reported. 17 For these gratings the index modulation ͑⌬n͒ for an equivalent grating with a uniform profile in the Y direction was computed as ⌬n ϳ 4 ϫ 10
Ϫ4
. The mode profiles were solved with both the effective-index method and the beam propagation method. These mode profiles were used in Eq. (3), yielding an overlap integral of ϳ0.5. Using Eq. (2), we obtained the coupling strength of the grating as Kac eo ϳ 400 m
Ϫ1
. Reflections of the antisymmetric grating are compared in Fig. 6 with those of a TBG. Here, identical waveguides and grating strengths with the designed dimensions are used for 5 mm long gratings. Although the TBG shows three reflection peaks as expected, the antisymmetric grating permits only the desired reflection with mode conversion. Defects in the grating, such as having the point of the ⌳͞2 phase shift offset from the lateral center of the waveguide, would produce reflections without mode conversion. The wavelengths for these undesired reflections would be similar to those produced by the TBG (odd-odd and even-even).
B. Prototype Fabrication
Two types of device were fabricated. The first one (sample A) corresponds to the OADM. It consists of a two-sided asymmetric Y branch that converges to a waist, as shown in Fig. 7 . The antisymmetric grating consists of mesas etched into the waist and filled with cladding material, and it operates in the first grating order corresponding to a grating period of ϳ530 nm. The length of the grating is 4.2 mm. The second sample (sample B) has waveguide and grating dimensions similar to those of sample A; however, it has only one asymmetric Y branch.
Characterization of the OADM
The experimental verification of the OADM requires measurements of the transmission and reflection spectra when either the even or the odd mode is excited. The effective index for the odd mode is lower than for the even mode. Therefore reflection peaks at different wavelengths when one is launching even or odd modes will indicate coupling without mode conversion. Similar Bragg conditions for the reflection peaks will indicate mode conversion between even and odd modes. Reflections without mode conversion produce cross talk in the drop port and backreflection in the input port. Before measurement of those spectra, a measurement of the asymmetric Y branch performance is necessary to ensure that it is providing the desired mode cross talk.
A. Y-Branch Performance as a Mode Splitter
The performance of the asymmetric Y branch was evaluated by use of both samples A and B. Sample B has the two-mode waist as the output waveguide. It was used to assess qualitatively the ability of the Y branch to excite either the even or the odd mode of the waist exclusively. Figure 8(a) shows the measured mode profile of the device when the power is launched in the wider branch. Figure 8(b) shows the measured mode profile when the power is launched in the narrow branch. These figures show that the Y branch is functioning properly, exciting primarily either the even or the odd mode of the waist, depending on the port used to input the power. Sample A, which has Y branches on both sides of the two-mode waist, was used to measure the mode cross talk. To illustrate the procedure, consider a normalized power of 1 launched in narrow branch as shown in Fig. 4(a) . It is assumed that there are no propagation losses. After the first Y branch, the desired and undesired modes have powers of C d and C u , respectively. Both modes couple to the second Y branch, producing C d 2 ϩ C u 2 (power) at the narrow port and 2C d C u (power) at the wide port. From power measurement at both output ports the values of C d and C u and the mode cross talk can be calculated. A similar procedure can be used when the power is launched in the wider branch, as shown in Fig. 4(b) .
Results of those measurements at wavelengths off Bragg condition are shown in Fig. 9 . In the figure, lighter curves represent the power measured at the wider branch (dotted curve) and at the narrow branch (solid curve) when the input power is launched at the opposite wider branch. Similarly, darker curves represent the power measured at the narrow branch (dotted curve) and at the wider branch (solid curve) when the input power is launched at the opposite narrow branch. Using the procedure described in Section 2, we estimated the average mode cross talk per Y branch Ϫ23 dB. Figure 10 shows the setup for characterization of the OADM's performance. Reflection and transmission spectra were measured with an erbium-doped fiber amplifier (EDFA) as an amplified spontaneous emission (ASE) source and an optical spectrum analyzer (OSA) with a resolution of 0.06 nm. A polarization controller permitted characterization of both TE and TM performance. A fiber array was used to couple light into and out of the device. After measurements, the spectra were normalized by use of the erbium-doped fiberamplifier's amplified spontaneous emission profile. Figure 7 shows the conventional terminology used to follow the OADM ports. The input and drop ports are the narrow and wider branches, respectively, of the first Y branch. The output and add ports are the narrow and wider branches, respectively, of the second Y branch.
B. Transmission and Reflection Spectra
When TE power is launched to the input port, the odd mode of the waist is excited, as shown in Fig. 4(a) . The odd mode on Bragg condition ͑1551.35 nm͒ is reflected as an even mode and coupled to the wider branch (drop port). The wavelengths off Bragg condition propagate through the waist and couple to the output port. The relevant transmission (output port) and reflection (drop port) spectra are shown in Fig. 11 .
OADMs based on antisymmetric Bragg gratings do not need to follow the conventional port terminology. For this type of OADM the ports can be interchangeably used to add or drop. When TE power is launched in the drop port, even modes are excited. The even mode on Bragg condition ͑1551.35 nm͒ is reflected with mode conversion and coupled to the narrow input branch, which becomes the new drop port. The reflection spectrum at this port is shown in Fig. 12 by the darker curve. The wavelengths off Bragg condition travel to the other Y branch and couple to the add port. The transmission (TE) at the output is shown by lighter curve.
Similarly, the transmission and reflection spectra were measured for TM modes, as shown in Figs. 13 and 14. As can be seen, for each polarization the measured reflection spectra are identical; i.e., there is no dependence on the input port used. There is a strong reflection at the Bragg condition [Eq. (6)], which relates to the coupling between orthogonal modes. A uniform Bragg grating would produce two additional peaks (dips) for the even-even and the odd-odd reflection (transmission) with the wavelength separation similar to that shown in Fig. 6 for a TBG.
A shift in the Bragg wavelength owing to the polarization dependence was measured as 0.25 mm. The polarization dependence is due to the waveguide asymmetry and to the strain-induced waveguide birefringence. The first polarization dependent component was expected from the design and can be improved by reducing the width-height asymmetry. The second is a well-known problem of the silica-onsilicon platform that can be overcome by various fabrication methods that yield essentially polarization-independent gratings. 21 From the measurements and Eq. (1), the coupling coefficient of Kac eo ϭ 400 m Ϫ1 is obtained. The overlap integral computed from the measured mode profiles and Eq. (3) is 0.48. Using Eq. (2), we obtained an index modulation of 4.2 ϫ 10
Ϫ4
. All these three parameters calculated from measured characteristics are in good agreement with the parameters predicted theoretically.
Operation and Advantages of the Designed OADM
The basic operation of similar devices that use TBGs was explained previously. [2] [3] [4] [5] [6] As shown in Fig. 15 , from the input port (narrower branch) several wavelength-division multiplexing (WDM) channels excite the odd mode of the waist. The channel to be dropped is on Bragg condition, and it is reflected as an even mode by the antisymmetric grating. It is then coupled to the drop port (wider branch). The other channels, which are out of Bragg condition, are transmitted to the second Y branch, where they are coupled to the output port. From the add port one channel can be coupled to a backward-traveling even mode and reflected by the grating as an odd mode that is coupled to the output port.
The use of the antisymmetric waveguide grating in place of the previously demonstrated TBG prevents Fig. 11 . Power launched in the narrower branch (input port). TE reflection (darker curve) measured in the drop port. TE transmission measured at the output port (lighter curve). Fig. 12 . Power launched in the wider branch (drop port). TE reflection (darker curve) measured in the input port. TE transmission measured at the add port (lighter curve). reflections without mode conversion. This improves performance in terms of cross talk and signal-to-noise ratio. In the optimum configuration 5 the cross talk at the drop port of the OADM based on a TBG depends on the performance of the asymmetric Y branch, as previously explained. 5, 6 For example, a nonideal Y branch with mode cross talk of Ϫ20 dB ͑1%͒ would produce approximately the same value for the cross talk, as nearly all that power launched in the even mode would be reflected to a backward-traveling even mode at ec and routed out through the drop port.
In the OADM described here, the same nonideal Y branch will not produce that cross talk. The 1% of the power coupled to the undesired even mode would be reflected at the same wavelength as an odd mode. It would then be routed out the input port as backreflection. Therefore no cross talk is produced because both desired and undesired modes are subject to the same Bragg condition as shown in Eq. (6). In both types of OADM, however, defects on the Y branch can increase backreflection to the input port. Reflected light coupled back to the launch port should have the same spectral shape as the reflection out the drop port but reduced by an amount equal to the mode coupling in the asymmetric Y-branch ͑ϳ23 dB͒. The reduced mode-splitter performance requirements relax the asymmetric Y-branch fabrication tolerances and permit reduction in its length. Shorter Y branches improve the integratability of the OADM.
The antisymmetric gratings also add versatility to the null coupler OADM. Because of the exclusive reflection with mode conversion, the order of the ports can be exchanged. The input (or drop) port can be either the wide or the narrow branch without affecting the performance of the device. This characteristic provides more flexibility for integrating these OADMs into more-complex structures. By contrast, a TGB has to follow rigorously the conventional port nomenclature. Because there is always a strong even-even reflection, power from the input port should not excite the even mode of the waist. A configuration in which the wider branch is the input port would produce extremely high cross talk between nonadjacent channels ͑ϳ0 dB͒.
Another advantage of the OADM based on antisymmetric gratings is the increase of the operational range that can be used to add or drop WDM channels. 22 OADMs based on a TBG working at the optimum angle would not add noise in the interval of wavelengths between the even-even and odd-odd reflection. 22 The bandwidth free of spurious reflections, or noise-free bandwidth, can be obtained as
where ee and oo are the Bragg wavelength for eveneven and odd-odd reflection, respectively. Therefore, to prevent spurious reflections that would reduce the optical signal-to-noise ratio of the dropped channel, the WDM spectral bandwidth of the total number of channels ͑⌬͒ should be lower than the bandwidth free of noise ͑⌬ fn Ͼ ⌬͒, as shown in Fig. 16 . OADMs based on TBGs have a noise-free bandwidth that allows for few WDM channels. 22 By contrast, OADMs based on antisymmetric gratings have noise-free bandwidths that can cover all WDM bands because there is only one reflection at oe .
Summary
We have designed and experimentally demonstrated a novel optical add-drop multiplexer based on antisymmetric waveguide Bragg gratings and asymmetric Y branches. Cross-talk improvement in comparison with similar OADMs based on TBGs was demonstrated. A potential for the reduction in the size of the OADM owing to shorter Y branches was discussed. Additional advantages such as versatility in use of the ports and a significant increase in the operational range of the OADM were presented. Our OADM prototype has a reflectivity peak of ϳ90% because of the short grating length ͑5 mm͒. From the calculation of the coupling constant, a reflectivity of 99.9% is estimated for lengths of ϳ1 cm. We are confident that the advantages provided by the antisymmetric waveguide Bragg grating in terms of performance, compactness, and scalability can be applied to other devices such as dispersion compensators, optical correlators, and resonators.
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